OBJECTIVE-Large-fiber diabetic polyneuropathy (DPN) leads to balance and gait abnormalities, placing patients at risk for falls. Large sensory axons innervating muscle spindles provide feedback for balance and gait and, when damaged, can cause altered sensorimotor function. This study aimed to determine whether symptoms of large-fiber DPN in type 1 and type 2 diabetic mouse models are related to alterations in muscle spindle innervation. In addition, diabetic mice were treated with insulin to assess whether sensorimotor and spindle deficits were reversible.
stimates from the Centers for Disease Control and Prevention suggest that 60 -70% of diabetic patients develop neuropathy. In addition, diabetes is the leading cause of neuropathy in the U.S. and Western countries (1) . Sensorimotor diabetic polyneuropathy (DPN) affects both large and small sensory afferent nerve fibers. The majority of research focuses on small-fiber neuropathy leading to increased or decreased pain and temperature sensations (2) (3) (4) (5) . Consequently, there is a shortage of animal model research exploring large-fiber DPN, which can cause deficits in lower-limb proprioception, decreased tactile sensitivity and vibration sense, and incoordination due to balance abnormalities (1, 6) .
The sensorimotor deficits resulting from large-fiber DPN, while sometimes subtle in nature, can lead to significant impairment. Numerous human studies report that patients with DPN are at increased risk for falls due to decreased postural control, altered gait and balance, and increased body sway (7) (8) (9) . The underlying neurologic mechanisms involved in large-fiber DPN remain poorly understood. It has been hypothesized that large-fiber DPN instability could be caused by altered sensorimotor function, specifically damaged group Ia and II sensory afferent fibers in muscle spindles (10) .
Muscle spindles found within skeletal muscle are rapidly adapting sensorimotor receptors. Spindles in mice are surrounded by extrafusal muscle fibers and consist of bag and chain intrafusal fibers. Three subtypes of nerves innervate the intrafusal fibers: group Ia and II large sensory axons and ␥ motor axons. Muscle spindles are involved in many sensorimotor behaviors such as the regulation of proprioception, balance, gait, and the postural response (11, 12) , and spindle damage can lead to deficits such as incoordination. Multiple studies in humans reported morphologic changes to the aging muscle spindle that could contribute to increased falls and ataxia seen in the elderly (13, 14) . In rodents, Egr3-null mutant mice have muscle spindle degeneration postnatally, resulting in an ataxic gait (15) . Therefore, it is plausible that symptoms of large-fiber DPN could result from damage to muscle spindle large afferent fibers.
Here, we examined streptozotocin (STZ)-induced type 1 and leptin receptor-null mutant type 2 diabetic mouse models for evidence of large-fiber DPN. Our results suggest the presence of STZ-induced large-fiber DPN using a behavioral test of sensorimotor function, and muscle spindle quantification reveals Ia afferent morphologic changes in the width of the axon and the inter-rotational distance (IRD) of annulospiral endings. The leptin receptor-null mutant mice also displayed aberrant muscle spindle morphology similar to that seen in type 1 diabetic mice. Importantly, insulin treatment in STZ-induced diabetic mice improved behavioral performance and normalized Ia axon morphology in muscle spindles. These novel results provide evidence that disrupted muscle spindle innervation in both type 1 and type 2 diabetic models may be involved, at least in part, in the sensorimotor deficits displayed in STZ-induced DPN.
RESEARCH DESIGN AND METHODS
Male C57BL/6 mice were purchased at 7 weeks of age from Charles River (Wilmington, MA) and housed two mice per cage on a 12:12-h light/dark cycle in the animal facility at the University of Kansas Medical Center under pathogen-free conditions. Male db/db mice (strain BKS.Cg-m ϩ/ϩ Lepr db /J, stock number 000642, background strain C57BLKS/J) were purchased from Jackson Laboratories (Bar Harbor, ME) and were housed at the University of Michigan under pathogen-free conditions on a 12:12-h light/dark cycle. A breeding colony was established, and mice were genotyped after birth. All animals had free access to water and mouse diet (C57BL/6 mice: Harlan Teklad 8,604, 4% kcal derived from fat; db/db and db ϩ mice: LabDiet 5001, 12% kcal derived from fat), and use was in accordance with National Institutes of Health guidelines and approved by the University of Kansas Medical Center Animal Care and Use Committee or the University of Michigan Committee on the Care and Use of Animals, respectively. STZ-injected C57BL/6 mice. Diabetes was induced in 8-week-old C57BL/6 mice (n ϭ 10) by a single intraperitoneal injection of STZ (Sigma, St. Louis, MO) at 180 mg/kg body wt (16) . Nondiabetic mice (n ϭ 8) were injected with 400 l vehicle buffer. Hyperglycemia and diabetes was defined as a blood glucose level Ͼ16 mmol/l (ϳ288 mg/dl). Weight and tail vein blood glucose levels were measured using glucose diagnostic reagents (Sigma) and analyzed using a two-way repeated-measures ANOVA with Fisher's protected least significant difference post hoc test. Insulin administration. In a separate group of animals, insulin pellets were administered to five STZ-induced C57BL/6 diabetic mice, while six diabetic and six nondiabetic mice received sham palmitic acid pellets. Insulin replacement therapy began 6 weeks post-STZ injection via LinBit sustained release insulin pellets (13 Ϯ 2 mg each, 0.1 unit/24 h; LinShin Canada, Scarborough, ON, Canada) implanted subcutaneously in the dorsal skin (two pellets for the first 20 g body wt and an additional pellet for every additional 5 g body wt). All pellets remained in the mice for 4 weeks, and an additional insulin pellet was added if blood glucose levels failed to drop to Ͻ16 mmol/l after 1 week. Weight and blood glucose levels were measured and analyzed as described above. db/db mice. Diabetes was confirmed in db/db mice at 8 weeks of age. Immunohistochemical analysis and quantification of muscle spindles were performed on medial gastrocnemius muscles from 24-week-old homozygous (db/db; n ϭ 3) and heterozygous (db ϩ ; n ϭ 3) leptin receptor-null mutant mice. Beam walk. Mice were trained during weeks 2 and 3 post-STZ to traverse a 1 m-long wooden beam with a diameter of 1.2 cm (adapted from 17,18). The animals were recorded for three trials per session on weeks 3, 5, and 10 post-STZ injection. The behavior task was recorded using a digital video camera. A footslip was counted if either the left or right hindpaw slipped off the beam. The number of footslips/mouse was averaged, and the data were analyzed using a two-way repeated-measures ANOVA with Fisher's protected least significant difference post hoc test. Footprinting. Footprinting was used as previously described in Taylor et al. (18) . The rear paws of C57BL/6 mice were inked, and mice walked along a 6 ϫ 70 cm track lined with paper at 10 weeks post-STZ. For each tracking, three to five prints were analyzed for step length, toe spread (distance between toes 1-5), intermediate toe spread (inter-toe spread; distance between toes 2-4), and print length. Means were calculated for each animal and analyzed using unpaired t tests. Grid walk. The grid-walk apparatus consisted of an elevated 1.1-cm wire grid that was 20 ϫ 35 cm, adapted from Onyszchuk et al. (19) . Animals were recorded with a digital video camera for 5 min while walking on the grid at 10 weeks post-STZ injection. Hindpaw steps and the number of hindpaw foot faults, or slips, were counted. The percent of slips was calculated for each animal (hindpaw slips/total hindpaw steps ϫ 100) and analyzed using unpaired t tests. Rotorod. The rotorod (AccuRotor Rota Rod; AccuScan Instruments, Columbus, OH) was used as described in Taylor et al. (18) . STZ-induced C57BL/6 mice were tested on the rotorod at a constant speed of 12 rpm for three trials at 9 weeks' post-STZ injection. The latency of the mice to remain on the rotorod (in seconds) was recorded, and mean latencies were analyzed using unpaired t tests. Nerve conduction velocity. Nerve conduction velocities were recorded in STZ-induced diabetic (n ϭ 6) and nondiabetic (n ϭ 6) mice at 10 weeks post-STZ injection according to Stevens et al. (20) . Body temperature was monitored with a rectal probe and maintained at 37°C. Motor nerve conduction velocities (MNCVs) were obtained by measuring compound muscle action potentials using supramaximal stimulation (9.9 mA) distally at the ankle and proximally at the sciatic notch. Recordings were obtained from the first interosseous muscle. Sensory nerve conduction velocity (SNCV) was recorded behind the medial malleolus with a 0.5-ms square wave pulse using the smallest current to elicit a response (ϳ2.4 mA), stimulating at the digital nerve of the second toe. Diabetic and nondiabetic nerve conduction velocities were analyzed by unpaired t tests. Immunohistochemistry. C57BL/6 mice were killed at 10 weeks post-STZ and db/db and db ϩ mice at 24 weeks of age. Unfixed medial gastrocnemius muscles were dissected, frozen, sectioned in 50-m longitudinal serial sections, and mounted on Superfrost Plus slides (Fisher Scientific, Chicago, IL). Immunohistochemistry was performed according to Taylor et al. (17) . Intrafusal bag fibers were visualized using a mouse anti-slow-tonic myosin heavy chain antibody (S46, 1:50; generous gift from Dr. Frank Stockdale, Stanford, CA). Sensory axons were visualized using a rabbit anti-neurofilament H antibody (NFH, 1:500; Chemicon, Temecula, CA). The NFH primary antibody used (#AB1991) is not affected by neurofilament phosphorylation. Muscle spindle quantification. Fluorescent digital images were acquired using a Nikon Digital Eclipse C1si confocal microscope. Approximately two to six muscle spindles per muscle were imaged for spindle innervation quantification. Digital Z-stack images of spindles were transferred to Nikon Imaging Software-Elements (NIS-Elements; Melville, NY). For each spindle the mean width of three or more axonal rotations and the mean IRD (the space in between the axonal rotations) between three or more rotations were calculated and recorded by a blinded observer using NIS-Elements. Mean axonal width and mean IRD were analyzed using unpaired t tests.
RESULTS
One week following STZ injection, C57BL/6 mice displayed characteristic symptoms of diabetes, including polydipsia and polyuria. Diabetic mice had significantly reduced weight gain and significantly higher blood glucose levels as early as 1 week post-STZ, which persisted through the study until week 10 ( Table 1 ). In addition, db/db mice displayed significantly higher body weights and blood glucose levels from week 15 through the terminal week 24 (Table 1) . Lastly, diabetic mice after treatment with insulin had significantly higher weights and significantly lower blood glucose levels than diabetic mice with sham pellets (Table 1) .
The number of hindpaw slips as mice crossed the beam-walk apparatus was used to access sensorimotor ability. For a slip to be counted, the foot had to lose contact with the balance beam with the leg extended ( Fig.  1A) . At week 3 post-STZ injection, there was no significant difference between the mean number of slips that were counted for nondiabetic (mean Ϯ SEM, 0.9 Ϯ 0.11) and diabetic (0.8 Ϯ 0.18) mice (Fig. 1B) . Likewise, at 5 weeks post-STZ, there was no significant difference in footslips between nondiabetic (0.4 Ϯ 0.29) and diabetic (1.1 Ϯ 0.19) mice; however, a trend related to poorer performance in diabetic than nondiabetic mice was apparent (Fig. 1B) . After 10 weeks of hyperglycemia, the diabetic mice displayed a significantly greater number of footslips (1.3 Ϯ 0.27) than nondiabetic (0.2 Ϯ 0.11; P Ͻ 0.05) mice (Fig.  1B) . These results suggest that STZ-induced diabetes in C57BL/6 mice leads to a sensorimotor dysfunction that is detectable by the beam-walk apparatus.
To examine additional measures of sensorimotor function, footprinting, grid walk, and rotorod tests were performed in STZ-induced diabetic mice. Interestingly, none of the tasks were sensitive enough to detect the sensorimotor deficits displayed during the beam-walk tests. All footprinting parameters were not different between nondiabetic and diabetic mice ( Table 2 ). In addition, the percentage of grid-walk slips and rotorod latencies of diabetic mice were not significantly different from those of nondiabetic mice (Table 2 ). These results suggest that the beam-walk apparatus is the most sensitive test to expose sensorimotor dysfunction in STZ-induced diabetes.
Conduction velocities of motor and sensory nerve fibers were assessed in nondiabetic and diabetic C57BL/6 mice. Diabetic mice had significantly slower MNCV than nondiabetic mice (49.5 Ϯ 2.2 vs. 58.7 Ϯ 2.4 m/s; P Ͻ 0.05). In comparison, there was no difference in SNCV between diabetic and nondiabetic mice (32.6 Ϯ 1.1 vs. 31.7 Ϯ 0.9 m/s; P Ͼ 0.05).
To quantify muscle spindle group Ia innervation, the muscle spindles from nondiabetic mice were visualized on a confocal microscope, and two axonal parameters were measured: axonal width and IRD, defined as the distance between the Ia axonal annulospiral rotations. Within the nondiabetic group of mice, there was a mean axonal width of 1.3 m with very low variability (Ϯ0.19 SD) and a mean IRD of 3.6 m with low variability (Ϯ0.98). Up to 12 muscle spindles can be found within one mouse gastrocnemius muscle, and the mean axonal width and IRD were very consistent not only overall in the nondiabetic group, but also within individual muscles ( Fig. 2A-D) . These results indicate that within nondiabetic muscle spindles there is a high degree of homogeneity in axonal width and IRD.
Axonal width and IRD were also measured in muscle spindles from diabetic mice. The mean axonal width of diabetic mice (mean Ϯ SD, 1.3 Ϯ 0.42 m) was not significantly different from that of nondiabetic mice (P Ͼ 0.05). In addition, the mean IRD of diabetic mice (3.9 Ϯ 1.59 m) was not significantly different from that of nondiabetic mice (P Ͼ 0.05). However, a clear pattern began to appear when analyzing the values for the two spindle parameters in diabetic and nondiabetic mice. As described above, the nondiabetic mice had reliable consistency with each spindle parameter within their group and within individual muscles. In contrast, this consistency Data are means Ϯ SEM. Results from three behavioral tasks at 9 -10 weeks post-STZ injection in C57BL/6 mice. Footprinting parameters included step length, toe spread (toes 1-5), inter-toe spread (toes 2-4), and print length, and these analyses did not detect differences between nondiabetic and diabetic mice (P Ͼ 0.05). Likewise, the grid walk did not detect a difference in the percentage of slips between diabetic and nondiabetic mice (P Ͼ 0.05). Diabetic mice had a similar latency on the rotorod compared with nondiabetic mice (P Ͼ 0.05).
Footprinting parameters are in centimeters; gridwalking is the % slips in 5 min on the grid; rotorod latency is in seconds.
was not seen in the diabetic mice. Multiple distinct and abnormal morphologies were identified in diabetic mice, resulting in a high degree of variability. In diabetic mice, the mean axonal width of Ia axons was sometimes more narrow, sometimes wider, or sometimes average compared with those in nondiabetic mice (Fig. 3A-C and Fig.  4A ). Axonal width in nondiabetic mice ranged from only 0.9 to 1.6 m, whereas axonal width in diabetic mice ranged from 0.8 to 2.6 m. Similarly, Ia axons in the diabetic mice sometimes had smaller IRDs (axon rotations closer together), sometimes larger IRDs (axon rotations further apart), or sometimes average IRDs compared with those in the nondiabetic mice (Fig. 4B) . IRD in nondiabetic mice ranged from only 1.3 to 6.0 m, whereas IRD in diabetic mice ranged from 1.2 to 8.2 m. Although the size difference for small IRDs was minimal (1.2-1.3 m), many diabetic animals displayed this small phenotype. Axonal width and IRD were variable not only between animals of the diabetic group ( Fig. 4A and B) but also within muscles of individual animals. The coefficient of variation (CoV) was calculated [CoV (%) ϭ SD/mean ϫ 100] for each diabetic and nondiabetic muscle as a marker of variability. For axonal width, diabetic mice had a mean CoV of 30.8%, which is five times more variable than that of nondiabetic mice (6.5%) (Fig. 4C ). For IRD, the CoV of diabetic mice (36.1%) was 1.5 times more variable than that of nondiabetic mice (CoV 24.5%) (Fig. 4D) . Overall, these results suggest that diabetic muscle spindle Ia fibers have high variability in their axonal width and IRD as a group and within individual muscle spindles. Muscle spindles from db ϩ and db/db mice were analyzed to determine whether Ia axon variability observed in the STZ-induced type 1 diabetic mice was also present in a type 2 diabetes model. There was no difference in axonal width between db ϩ and db/db mice (data not shown). However, similar to STZ-induced C57BL/6 diabetic mice, db/db mice displayed a high degree of variability in their mean IRDs compared with db ϩ mice. Ia axons in db/db mice sometimes had smaller IRDs, sometimes larger IRDs, or sometimes average IRDs compared with db ϩ mice (Fig.  5A-C) . IRD in db ϩ mice ranged from 1.4 to 3.5 m, where IRD in db/db mice ranged from 1.2 to 9.0 m (Fig. 5D ). This indicates that db/db mice display greater variability in their IRDs than db ϩ mice, suggesting that alterations in Ia axon morphology occur in both type 1 and type 2 diabetes models of DPN.
Insulin replacement therapy was administered to determine whether the behavioral and anatomical changes in STZ-induced diabetic mice were reversible. At 1 and 5 weeks post-STZ injection, no significant differences in beam-walk slips were apparent between nondiabetic, diabetic, and diabetic ϩ insulin mice (P Ͼ 0.05; Fig. 6A ). However, after 10 weeks post-STZ, the diabetic mice displayed significantly more slips (1.2 Ϯ 0.07) than nondiabetic mice (0.5 Ϯ 0.20, P ϭ 0.05), as shown previously. Importantly, diabetic mice treated with insulin improved their beam performance and had significantly fewer slips (0.3 Ϯ 0.07) than diabetic mice with sham pellets (P Ͻ 0.05) and were not significantly different than nondiabetic mice (P Ͼ 0.05; Fig. 6A ).
Axonal width and IRD were also measured in muscle spindles from diabetic versus diabetic ϩ insulin mice. The multiple axonal morphologies previously identified in diabetic mice that resulted in a high degree of variability were reversed in insulin-treated diabetic mice. In diabetic ϩ insulin mice, the mean axonal width of Ia axons was more consistent than in diabetic mice and was comparable with that in nondiabetic mice (Fig. 6B) . Axonal width in diabetic ϩ insulin mice ranged from only 0.9 to 2.0 m, whereas axonal width in diabetic mice ranged from 0.8 to 2.9 m. Similarly, IRD variability was decreased in diabetic ϩ insulin mice (Fig. 6C) . IRD in diabetic ϩ insulin mice ranged from only 1.6 to 4.0 m, whereas IRD in diabetic mice ranged from 1.2 to 8.0 m.
Not only was axonal width and IRD variability decreased overall in insulin-treated mice, but also within muscles of individual animals. For axonal width, diabetic mice had a mean CoV of 44.4%, which is 2.5 times more variable than that of diabetic ϩ insulin mice (18.0%; Fig.  6D ). For IRD, the CoV of diabetic mice also indicated about two times more variability (37.4%) than that of diabetic ϩ insulin mice (17.6%; Fig. 6E ).
DISCUSSION
In this study, type 1 and type 2 mouse models of diabetes were used to examine large-fiber diabetic sensorimotor polyneuropathy. Our results reveal that STZ-induced diabetes leads to sensorimotor behavioral deficits involving balance and gait detectable by the beam-walk apparatus. These behavioral abnormalities are hypothesized to be a consequence of the irregularities and variability in muscle spindle group Ia innervation. In addition, similar alterations in innervation were identified in a type 2 diabetes mouse model. Collectively, these results suggest that diabetic mice undergo damage to large sensory axons that may contribute to deficits in large-fiber sensory feedback associated with balance and gait. Importantly, insulin treatment of STZ-induced diabetic mice effectively reversed these behavioral and anatomical deficits, supporting the view that these abnormalities were a result of diabetes and are sensitive to insulin therapy.
The beam-walk apparatus has been used to assess sensorimotor deficits following brain injury and other conditions resulting in altered gait, balance, and/or proprioception (21-23). Baskin et al. (24) suggested that the beam-walk task is effective in detecting sensorimotor deficits resulting primarily from hindlimb dysfunction. In previous studies, we have used the beam-walk apparatus to evaluate sensorimotor function in relation to hindlimb muscle spindle innervation, and the performance of mice using this approach reliably mirrored the reinnervation of muscle spindles following nerve crush (17) . Importantly, the beam-walk apparatus was found to be the most sensitive measure for diabetes-induced sensorimotor changes, as footprinting, the grid-walk, and rotorod were not able to detect altered behavior. However, it is noted that more sophisticated measures of gait analysis may reveal deficits that footprinting with ink could not. In addition, the sensorimotor changes observed in the diabetic mice were subtle, suggesting that the beam may challenge the mice to rely on sensorimotor feedback more so than the other tasks discussed above.
SNCV has been widely studied in rodent models of diabetic neuropathy, and it is thought that slowed conduction velocities likely reflect deficits in conduction predominantly in large nerve fibers. However, reports of diabetesinduced slowed SNCV can be variable, with some studies reporting decreases (25) , while others report no change (26). This may be due to inherent animal model differences, just as some models display cutaneous insensitivity while others report allodynia. Our studies revealed no reductions in SNCV in STZ-induced diabetic mice; however, we did detect decreases in MNCV. It is not surprising that our model did not have decreased SNCV simply due to the subtle large-fiber morphologic alterations in which, perhaps, some fibers compensate for others while in different states of flux. It is plausible to predict that rodents with significantly slowed SNCV may have a more severe phenotype related to spindle innervation.
Typically, muscle spindle quantification has involved cross sections of the spindle capsule through light or electron microscopy (15, (27) (28) (29) . This method of visualizing the spindle does not allow for intricate analysis of axon morphology. Visualizing muscle spindle afferents longitudinally provides more information about axonal width and IRD. To our knowledge, our study is the first to quantify Ia annulospiral endings on muscle spindle intrafusal fibers in diabetic mice, and this technique now provides a new assay to determine the efficacy of therapeutic interventions aimed at improving large-fiber diabetic neuropathy. Small-fiber neuropathy has benefited greatly from quantitative assessments in epidermal innervation, and an analogous approach has been lacking for large fibers. In addition, it is difficult to access spindle innervation in human muscle biopsies, reinforcing the need for animal model studies to address the pathogenesis and treatment of human large-fiber DPN.
Fiber changes commonly reported in DPN include ax- onal degeneration, regeneration, demyelination, and remyelination (30) . A study examined muscle spindles in STZtreated diabetic rats and reported axonal dilation and axonal dystrophy (31) . Using electron microscopy analysis, diabetic rats revealed enlarged sciatic nerve axon terminals, intrafusal fiber nuclear disintegration, and increased numbers of Schwann cells, all suggestive of degeneration and regeneration (31) . This study is consistent with our more detailed observations of thicker, thinner, closer-spaced, and further-spaced axons and supports the proposed view that Ia axons undergo degeneration and subsequent regeneration in diabetic mice. It is plausible that extrafusal fiber atrophy could drive changes in spindle innervation. Although muscle wasting was not measured here, it is likely that muscle wasting occurs in STZ-induced diabetic mice. It may be worthwhile to assess spindle innervation in other muscle wasting diseases such as muscular dystrophy or myasthenia gravis. In human muscle spindles from patients with Duchenne muscular dystrophy, changes were apparent in capsule thickness and intrafusal fiber number and diameter (32) . No measures of quantifiable spindle innervation were documented; however, certain spindles were reported to be devoid of axons.
Likewise, it is possible that changes in intrafusal bag fibers may influence Ia axon innervation. Bag fibers are enlarged in the equatorial region due to the accumulation of nuclei, and this variability makes it difficult to measure intrafusal fiber size. However, our observations suggest that some intrafusal fibers in diabetic mice appeared abnormal (Fig. 3C) , and it is reasonable to suggest that annulospiral innervation is influenced by intrafusal fiber morphology.
Irrespective of the cause leading to altered annulospiral morphology, a plausible outcome of abnormal Ia afferent innervation may be altered electrophysiological output from spindles. Muscle spindle afferent axons fire when the extrafusal fiber and subsequent intrafusal fibers stretch, leading to increased activity of the Ia axon. It is reasonable to suggest that when Ia axon morphology is disrupted, it leads to changes in the firing patterns of the spindle afferent. Collectively, the varied Ia innervation in spindles from diabetic mice could lead to changes in overall Ia firing patterns and result in asynchronous Ia firing within diabetic muscles. Furthermore, this variation in sensory input could affect motor neuron function as well.
Our results reveal that both axonal width and IRD were varied in STZ-induced diabetic compared with nondiabetic mice. However, in the type 2 diabetes mouse model, only IRD varied in the db/db but not db ϩ mice. The difference between db/db and STZ-induced diabetes may be related to the severity of neuropathy in the type 2 diabetes model or the rate of progression of the neuropathy. It is possible that altered IRD is the first sign of axonal damage and precedes variability in axonal width.
In conclusion, we have identified reversible behavioral and pathological large sensory nerve fiber-related changes in diabetic mice. Future studies should address treatment paradigms to repair muscle spindle afferent innervation and consequently improve sensorimotor function. These studies will provide new insight into the treatment and prevention of large-fiber complications that develop in humans suffering from diabetes.
